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The most prominent role of peroxisomes in photosynthetic plant tissues is their participation in photorespiration, a process also known as the
oxidative C2 cycle or the oxidative photosynthetic carbon cycle. Photorespiration is an essential process in land plants, as evident from the
conditionally lethal phenotype of mutants deficient in enzymes or transport proteins involved in this pathway. The oxidative C2 cycle is a salvage
pathway for phosphoglycolate, the product of the oxygenase activity of ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO), to the
Calvin cycle intermediate phosphoglycerate. The pathway is highly compartmentalized and involves reactions in chloroplasts, peroxisomes, and
mitochondria. The H2O2-producing enzyme glycolate oxidase, catalase, and several aminotransferases of the photorespiratory cycle are located in
peroxisomes, with catalase representing the major constituent of the peroxisomal matrix in photosynthetic tissues. Although photorespiration is of
major importance for photosynthesis, the identification of the enzymes involved in this process has only recently been completed. Only little is
known about the metabolite transporters for the exchange of photorespiratory intermediates between peroxisomes and the other organelles
involved, and about the regulation of the photorespiratory pathway. This review highlights recent developments in understanding photorespiration
and identifies remaining gaps in our knowledge of this important metabolic pathway.
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Detoxification of reactive oxygen species (ROS), β-oxida-
tion of fatty acids, and metabolism of nitrogen compounds areAbbreviations: AGT, alanine:glyoxylate aminotransferase; CAT, catalase;
EST, expressed sequence tag; GFP, green fluorescent protein; GGT, Glu:
glyoxylate aminotransferase; GLYK, glycerate kinase; GOX, glycolate oxidase;
GS, glutamine synthase; GOGAT, Glu:2-oxoglutarate aminotransferase; HPR,
hydroxypyruvate reductase; MDH, malate dehydrogenase; OAA, oxaloacetate;
3-PGA, 3-phosphoglycerate; PTS1/2, peroxisome targeting signal type 1 or 2;
ROS, reactive oxygen species; RubisCO, ribulose 1,5-bisphosphate carbox-
ylase/oxygenase; RuBP, ribulose-bisphosphate; SGT, Ser:glyoxylate amino-
transferase; SHMT, serine hydroxymethyl transferase; THF, 5,10-methylene
tetrahydrofolate; VDAC, voltage-dependent anion selective channel
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isms. In plants, peroxisomes differentiate into several tissue-
specific and metabolically specialized variants. Glyoxysomes
are induced upon seed germination and predominantly contain
the enzymes required for β-oxidation of fatty acids to convert
storage oil into carbohydrates [1]. Plant glyoxysomes are thus
metabolically most similar to peroxisomes from yeast and
mammals. The second major variant of plant peroxisomes are
leaf peroxisomes that occur in photosynthetic mesophyll cells.
Leaf peroxisomes are unique as compared to microbodies of
heterotrophic organisms because they play an important role in
a photosynthesis-related pathway, referred to as photorespira-
tion. Other terms for this pathway include “oxidative photo-
synthetic carbon cycle” or the photorespiratory cycle (C2 cycle,
[2–4]). Photorespiration is a light-dependent process reminis-
cent of mitochondrial respiration regarding its gas exchange,
because O2 is taken up and CO2 released. Because of the release
of CO2, at first glance, photorespiration is counter-productive to
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plant productivity. However, photorespiration also provides
protection against abiotic stress conditions caused by high light
intensity, drought, and salinity [5].
Photorespiration is linked to photosynthesis by the dual
function of ribulose-1,5-bisphosphate carboxylase/oxygenase
(RubisCO). This most abundant enzyme on earth is unique in its
ability to irreversibly fix atmospheric CO2 to biomass [6]. In the
misleadingly called “dark reactions” of photosynthesis, which
indirectly depend on light as well, CO2 is fixed by carboxylation
of the C5 acceptor sugar ribulose-bisphosphate (RuBP) to yield
two C3 units of 3-phosphoglycerate (3-PGA), which are
reduced to triosephosphates by NADPH and ATP provided by
the photosynthetic light reactions. Of these carbon atoms 5/6
serve in the regeneration of the RuBP by the enzymatic
reactions of the Calvin cycle. The remaining 1/6 of reduced
carbon represents the fixed biomass. All these reactions take
place in chloroplasts.
The participation of peroxisomes in the photosynthetic
reactions became important with the increasing concentration of
atmospheric O2 because RubisCO cannot fully discriminate
between CO2 and O2. RubisCO not only has a high affinity for
CO2 (Km=9 μM, [7]) but also a lower but considerable affinity
for O2 (Km=535 μM, [7]) and catalyzes both the carboxylation
and oxygenation of RuBP. The concentration of O2 in standard
air and its solubility in H2O are about 600-fold and 20-fold
higher than those of CO2, respectively, roughly compensating
for the lower affinity to O2 and leading to comparable rates of
RuBP carboxylation and oxygenation. Under ambient air
conditions the ratio of carboxylation to oxygenation of
RubisCO ranges between 1:0.25 to 1:0.5 in C3 plants [7,8].
Despite the sophisticated regulation of RubisCO activity by
several mechanisms, including the modulating function of the
small regulatory subunit, activation by carbamoylation cata-
lyzed by RubisCO activase, and inactivation by the inhibitor 2-
carboxyarabinitol-1-phosphate, the oxygenase activity of
RubisCO has been reduced but not eliminated in the course of
evolution of land plants.
Oxygenation of RuBP by RubisCO yields 3-PGA and the C2
moiety 2-phosphoglycolate. 2-Phosphoglycolate, however, can
neither enter the Calvin cycle nor can it be converted to
carbohydrates. To minimize the loss of fixed CO2 and prevent
depletion of intermediates from the Calvin cycle, 3/4 of the
carbon in 2-phosphoglycolate are recycled in the photorespira-
tory pathway to 3-PGA, while one mole of CO2 is released. The
photorespiratory pathway represents a coordinated network of
at least eleven enzymes that are directly involved and four
enzymes that participate indirectly in the pathway. The enzymes
are compartmentalized between chloroplasts, leaf peroxisomes,
and mitochondria (Fig. 1).
In brief, the photorespiratory reactions first continue in the
chloroplast stroma by dephosphorylation of 2-phosphoglycolate
catalyzed by phosphoglycolate phosphatase (PGP, Fig. 1).
Glycolate diffuses into the matrix of peroxisomes, where it is
oxidized to glyoxylate by the flavin-dependent glycolate
oxidase (GOX) concomitant with transfer of electrons to O2
and the production of hydrogen peroxide (H2O2). Glyoxylate istransaminated by two aminotransferases, namely Ser:glyoxylate
and Glu:glyoxylate aminotransferase (SGT and GGT, respec-
tively), which ideally cooperate at a 1:1 stoichiometry [9–11].
The resulting Gly is the substrate of two mitochondrial
enzymes: Glycine decarboxylase (GDC) decomposes the
amino acid to CO2, NH3, and NADH and transfers a C1 unit
to 5,10-methylene tetrahydrofolate (THF). Serine hydroxy-
methyl transferase (SHMT) attaches this methylene unit to the
second Gly molecule to produce Ser. Serine diffuses back to leaf
peroxisomes, where the amino group is removed by SGT to
yield hydroxypyruvate, which is reduced by NADH provided
by peroxisomal malate dehydrogenase (pMDH) to form
glycerate. Stromal glycerate kinase (GLYK) catalyzes the
final phosphorylation step of the photorespiratory cycle to
produce the Calvin cycle intermediate 3-PGA.
RubisCO, catalase (CAT) and GOX, and GDC are the
predominant enzymes in chloroplasts, leaf peroxisomes, and
mitochondria from mature leaves, respectively, and support
the major role of the photorespiratory C2 cycle in leaf
metabolism. This review focuses on recent advances in
elucidating photorespiratory metabolism at the molecular
level. Despite its fundamental role in plant physiology, the
cDNAs of some enzymes of the photorespiratory pathway
have only recently been cloned for the first time, including
those encoding the peroxisomal aminotransferases SGT [10]
and GGT [11,12] and chloroplastic GLYK, [13]). In addi-
tion, Arabidopsis mutants deficient in photorespiratory
enzymes like SHMT or the chloroplastic dicarboxylate tran-
sporter were instrumental in defining the precise role of the
proteins in photorespiration and the function of this pathway
in whole plant carbon and nitrogen metabolism. Despite
significant progress major questions of photorespiration and
the function of leaf peroxisomes in this cycle have remained
unanswered to date, including the mechanism and the pro-
teins involved in transporting photorespiratory intermediates
across the membrane(s) of the three participating organelles
and any kinds of regulatory mechanisms to maximize the
efficiency of glycolate recycling and fine-tune enzymatic
activities.
2. Recent developments
2.1. Molecular identification of the last peroxisomal enzymes of
the photorespiratory C2 cycle: the two aminotransferases
Serine:glyoxylate and Glutamate:glyoxylate aminotransferase
Of the peroxisomal enzymes involved in the photorespira-
tory C2 cycle only the two aminotransferases had long been
left to have their corresponding cDNAs cloned from any
higher plant species. By biochemical means, leaf peroxisomes
were shown to bear at least four different aminotransferase
activities that used the substrate pairs Ser:glyoxylate, Glu:
glyoxylate, Ala:glyoxylate, and Asp:α-ketoglurate [9]. The
starting point of the genomic era in plant research with
sequencing of the Arabidopsis genome [14] paved the way for
bioinformatics-driven approaches and protein identification by
mass spectrometry.
Fig. 1. Compartmentalization of photorespiration. The photorespiratory reactions comprise eleven directly involved enzymes (RubisCO, ribulose-1.5-bisphosphate
carboxylase/oxygenase; PGP, phosphoglycolate phosphatase; GOX, glycolate oxidase; CAT, catalase; GGT, Glu:glyoxylate aminotransferase; SGT, Ser:glyoxylate
aminotransferase; GDC, Gly decarboxylase; SHMT, Ser hydroxymethyl transferase; HPR, hydroxypyruvate reductase; pMDH, peroxisomal malate
dehydrogenase; GLYK, glycerate kinase) and four indirectly participating enzymes (GS, Gln synthase; GOGAT, Glu synthase, Glu:oxoglutarate aminotransferase;
mMDH/cMDH, mitochondrial/chloroplastic malate dehydrogenase), all of which are compartmentalized between chloroplasts, leaf peroxisomes, and
mitochondria. For the transport of photorespiratory intermediates different translocators and a porin-like channel have been characterized biochemically (white) or
the corresponding genes been cloned (black). Photorespiratory metabolites are abbreviated as follows: RuBP, ribulose-bisphosphate; 3-PGA, 3-phosphoglycerate;
THF, tetrahydrofolate.
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Liepman and Olsen [10] identified the cDNA of Arabi-
dopsis SGT by such an in silico approach. The authors
searched the Arabidopsis genome and the database of
expressed sequence tag (EST) sequences for open reading
frames (ORF) that shared significant sequence similarity with
the class IV Ala:glyoxylate aminotransferase from humans
[10,15]. In mammals, Ala:glyoxylate aminotransferase isoform
1 (AGT1) is targeted to both the peroxisome matrix and
mitochondria and is important for detoxification of glyoxylate
present in a plant-based diet [16]. The closest single Arabi-
dopsis homolog (AtSGT, At2g13360, about 33% identity withmammalian AGT1) encoded an unknown protein of about
44 kDa, whose gene expression was highest in aerial tissues
and supported a photosynthesis-related function of the enzyme
[10]. Predicted targeting of AtSGT to peroxisomes was
confirmed by biochemical subfractionation studies of Arabi-
dopsis seedlings and import studies into isolated cucumber
glyoxysomes [10] and is most likely mediated by the C-
terminal tripeptide SRI>. Interestingly, SRI> is generally a rare
peroxisome targeting signal type 1 (PTS1) in higher plants [17]
but highly conserved in the C-terminal tripeptide of most plant
and even prokaryotic orthologs of AtSGT, suggesting that
enzymatic and targeting function overlap in the C-terminal
domain and that specific yet unknown auxiliary residues
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in targeting to peroxisomes.
By heterologous overexpression of AtSGT in E. coli the
kinetic parameter of the enzyme were studied for various
amino acid:2-oxoacid pairs in detail [10]. Even though
enzymatic activity could be determined with different
substrate pairs, the maximum specific activity and physio-
logical Km values for Ser and glyoxylate argued in favor of
these metabolites representing the substrates of SGT under
physiological conditions. By contrast, the high Km for Ala of
about 100 mM was about 70-fold higher than that of Ser
and well above cytosolic Ala levels [18,19], providing
evidence against a significant amino donor function for Ala
in vivo.
The Arabidopsis sat mutant is deficient in SGT activity (Fig.
2) and was one of the first photorespiratory mutants
characterized by Somerville and Ogreen [20–23] in their screenFig. 2. Overview of photorespiratory Arabidopsis mutants. Arabidopsis mutants d
for Ser:glyoxylate aminotransferase (sgt or sat), Glu:glyoxylate aminotransferas
(shm1), glycerate kinase (glyk), dicarboxylate transport (dct), Glu synthase (gls1
mutants are either not viable under atmosphere of about 21% O2 and 0.035%
suppressed.for Arabidopsis mutants with nuclear mutations in genes
encoding photorespiratory enzymes. The sat mutant showed a
conditionally lethal phenotype when grown under normal
atmospheric conditions. The mutant seedlings were stunted at
the two-cotyledon stage and exhibited chlorosis [21]. Liepman
and Olsen [10] identified a point mutation in the sat allele,
which resulted in a single amino acid exchange (P251 to L), and
demonstrated that introduction of the same mutation into the
recombinant protein rendered the enzyme inactive. Because the
photorespiratory pathway was thought to represent the major
biosynthetic pathway for Ser and Gly in plants, it was assumed
that the sat mutant was severely reduced in biosynthesis of Ser
and Gly. The mutant lacking SGT activity, however, did not
show any obvious phenotype when grown under elevated CO2
concentrations, indicating that biosynthesis of Ser and Gly, if
prohibited by a lack of SGT, can be by-passed by a yet
unrecognized pathway.eficient in photorespiratory enzymes have been identified and characterized
e (ggt1 ot aoat1), Gly decarboxylase (gdc), Ser hydroxymethyl-transferase
=glu1), phosphoglycolate phosphatase (pgp), and Gln synthetase (gs). These
CO2 but grow normally in air enriched in CO2, when photorespiration is
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In contrast to SGT, initial attempts to find Glu:glyoxylate
aminotransferases (GGT) by homology analysis failed, and the
enzyme was ultimately identified by a classical approach via
chromatographic purification from Arabidopsis leaves to near
homogeneity [12]. Analysis of tryptic peptides by mass
spectrometry identified GGT1 (At1g23310) as the correspond-
ing protein, which turned out to be highly similar to a second
Arabidopsis open reading frame (ORF), GGT2 (At1g70580,
93% identity at the amino acid level). Both enzymes belong to
the class I aminotransferases. In line with their predicted
function in photorespiration GGT1 was highly expressed in
photosynthetic tissue, and both genes showed a largely over-
lapping expression pattern [11,12]. Recombinant AtGGT1
expressed in E. coli catalyzed aminotransferase reactions
with multiple substrate combinations and exhibited similar
affinities for the substrates tested, including Glu:glyoxylate,
Ala:glyoxylate, Glu:pyruvate, and Ala:α-ketoglutarate. Nota-
bly, the enzyme lacked both SGT or AspAT activity. The
subcellular targeting of GGT to peroxisomes was supported by
biochemical subfractionation of Arabidopsis cell organelles and
activity analysis [12]. Igarashi et al. [11] demonstrated that
AtGGT1 fused N-terminally with green fluorescent protein
(GFP) was targeted to peroxisomes in suspension-cultured
tobacco BY-2 cells and that the C-terminal tripeptide SKM>
was necessary for peroxisome targeting.
Even though both GGTs are expressed in leaves, an Arabi-
dopsis T-DNA insertion line deficient in GGT1 (aoat1-1)
showed a typical photorespiration-related phenotype [11]. The
growth rate of the aoat1-1 mutant was drastically reduced as
compared to the wild type when grown under high irradiation or
in the absence of exogenous sugar but could be compensated
when grown under low irradiation, high CO2 conditions, or at
high sugar concentration. Under ambient air conditions the level
of Glu was increased and that of Ser decreased in leaves of the
aoat1-1 knock-out mutant, and four different aminotransferase
activities were significantly reduced [11].
Apart from SGT and GGT1/2 involved in the photorespira-
tory C2 cycle and peroxisomal AspAT [24] further amino-
transferases with putative PTSs have been identified in
Arabidopsis [12,25]. For instance, three enzymes belonging to
class II aminotransferases all carry major PTS1 tripeptides
(At2g38400, SKM>; At3g08860, SKM>, At4g39660, SRL>,Table 1
Genes encoding putative peroxisome-localized proteins with expression patterns sim
AGI Affy_ID Annotation
At3g14415 258359_s_at Glycolate oxidase (GOX2)
At2g13360 263350_at Ser:glyoxylate aminotransferase (SGT)
At1g23310 262988_at Glu:glyoxylate aminotransferase (GGT1)
At1g68010 260014_at Hydroxypyruvate reductase (HPR)
At5g09660 250498_at Malate dehydrogenase, glyoxysomal (pMDH2)
At1g06460 262629_at 31.2 kDa Hsp20 family protein (Acd31.2)
At4g16410 245388_at Expressed protein
For details on targeting prediction, see [25].[12]). Preliminary attempts to determine the substrate specifi-
city of At4g39660 failed, however, for reasons yet unknown
[12]. Transcript co-response analyses indicate that the physio-
logical role of these aminotransferases may not be related to
photorespiration (see below, Table 1, Fig. 4).
2.4. Mutants deficient in mitochondrial Glycine decarboxylase
or Serine-hydroxymethyl-transferase
Glycine produced in peroxisomes by amination of glyox-
ylate leaves the peroxisomes and is taken up into mitochondria
by an unknown transporter for further processing (Fig. 1).
Inside the mitochondrial matrix, two mole of Gly are converted
to one mole each of Ser, CO2, and ammonia. This reaction is
catalyzed jointly by the multi-subunit GDC complex [26], and
Serine hydroxymethyl transferase (SHMT). In the first reaction,
one molecule of Gly is oxidatively decarboxylated and
subsequently deaminated by the GDC complex, yielding one
mole of each of CO2, NH4
+
, NADH, and the C1–donor THF. In
the second step of the process, SHMT transfers the activated C1-
unit from methylene-THF onto a second mole of Gly [26–28],
yielding one mole of Ser. Both GDC and mitochondrial SHMT
are essential for photorespiration; Arabidopsis mutants lacking
either mitochondrial SHMT [20] or GDC activity [29,30] are
not viable in ambient air and only grow at elevated CO2 partial
pressures that suppress photorespiration. Mitochondria isolated
from an Arabidopsis mutant lacking GDC activity (gld1) did
neither exhibit Gly-dependent O2 consumption nor Gly-
dependent CO2 release, indicating that decarboxylation of Gly
by GDC is the only source of photorespiratory CO2 in
mitochondria [29]. A mutant in a second locus associated
with GDC activity (gld2) was reported in 1994 [31]; however,
to date, neither the defective gene in gld1 nor the one in gld2
have been unequivocally identified at the molecular level. Ar-
abidopsis mutants deficient in mitochondrial SHMT activity
accumulate large amounts of Gly whereas Ser levels massively
decrease; the Gly-to-Ser ratio increased by a factor of 45 from
0.64 in the wild type to 29.3 in the mutant [20]. Under non-
photorespiratory conditions, both GDC and SHMT mutants are
indistinguishable from the wild type, indicating that the
predominant role of SHMT and GDC in leaves is in the
oxidative C2 cycle.
Although an Arabidopsis mutant deficient in mitochondrial
SHMTactivity (stm, now designated shm1-1 to avoid confusionilar to peroxisomal proteins involved in photorespiration




Major (PRL>) High None
Major (SRI>) High None
Major (SKM>) High None
Major (SKL>) Medium Plastidic transit peptide
Major (RIx5HL) Medium None
Minor (RLx5HF) Medium None
Major (RLx5HL) Low Mitochondrial presequence
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corresponding gene was only recently identified [32]. The Ar-
abidopsis genome encodes seven putative SHMTs, two of
which carry a computer-predicted mitochondrial targeting
signal [33]. In a map-based cloning approach, Voll et al. [32]
identified the Arabidopsis gene SHM1 (At4g37930) as the
defective gene in shm1-1. The second SHMT-related gene in the
Arabidopsis genome predicted to target to mitochondria
(SHM2, At5g26780) is not able to compensate for a deficiency
in SHM1, even when overexpressed from the strong, constitu-
tive CaMV 35S promoter or from the SHM1 promoter [32],
indicating that the gene either does not encode a functional
SHMT or that it is not targeted to the mitochondrial matrix at
all. The presumably cytosolic SHMT isozymes are likely
involved in Ser-to-Gly conversion and maintenance of the
cytosolic C1-pool in non-photosynthetic plant tissues [34].
In the photosynthetic cyanobacterium Synechocystis sp.
PCC6803, the GDC complex is not required for viability under
standard growth conditions, whereas SHMT was found to be
essential [35]. However, similar to GDC mutants in Arabidop-
sis, Synechocystis mutated in subunits of the GDC complex
shows an increased Gly-to-Ser ratio; in addition, low amounts
of Gly added to the growth medium were toxic to the GDC
mutants, but not to the wild type [35].
2.5. Cloning of chloroplastic glycerate kinase
D-Glycerate is generated in the peroxisomes from Ser by the
joint action of SGT and hydroxypyruvate reductase (HPR, see
above) and transferred back to the chloroplast stroma, where
glycerate kinase (GLYK) catalyzes the ATP-dependent phos-
phorylation of glycerate to 3-PGA (Fig. 1). This last enzymatic
reaction in the photorespiratory pathway completes the
oxidative C2 carbon cycle and returns three carbon atoms to
the Calvin cycle in the form of 3-PGA. Although this last step is
essential for the pathway, mutants defective in chloroplastic
GLYK have not been reported in the literature [36,37], and until
recently the gene encoding chloroplastic GLYK was unknown.
Boldt et al. [13] purified chloroplastic GLYK to homogeneity,
micro-sequenced the purified protein, and cloned the corre-
sponding cDNA from Arabidopsis. Chloroplastic GLYK is
encoded by a single gene locus (AtGLYK; At1g80380) in the
Arabidopsis genome. The identification of this gene was made
difficult by the fact that the ORF does not share significant
sequence similarity with previously known glycerate kinases
from non-photosynthetic organisms; it rather shares distant
homology with phosphoribulokinase and is considered proto-
typic for a novel glycerate kinase family present in plants, some
cyanobacteria, and fungi [13]. The enzymatic activity of this
ORF was confirmed by heterologous overexpression of the gene
in E. coli. The corresponding T-DNA insertion knock-out lines
of Arabidopsis germinated normally at standard conditions but
arrested growth at the early cotyledon stage [13]. In CO2-
enriched conditions, the mutants were fully fertile but still
showed reduced growth. It remains unclear why mutants
defective in GLYK activity have not previously been isolated
from screens for photorespiratory mutants.2.6. Refixation of ammonia by plastidic and mitochondrial
glutamine synthetases
As outlined above, the oxidative decarboxylation of Gly by
the mitochondrial GDC complex generates both ammonia and
CO2. While the loss of previously fixed CO2 by this reaction
is energetically costly but not harmful, ammonia is cytotoxic
and needs to be re-assimilated efficiently. In addition, plant
growth is frequently limited by nitrogen supply; loss of
photorespiratory ammonia to the atmosphere would thus
constitute a significant penalty on evolutionary fitness and
productivity. Analysis of various Arabidopsis mutants con-
clusively demonstrated that plastidic dicarboxylate transpor-
ters and Gln synthase (GS) are involved in the process of
ammonia re-assimilation [22,38–40]. Similar results have also
been obtained in barley [41,42] and, with respect to
dicarboxylate transporters, also in transgenic tobacco plants
[43], thus firmly establishing the role of plastids and plastidic
Fd-dependent Glu synthase (Glu:oxoglutarate aminotransfer-
ase, GOGAT, Fig. 1) in re-assimilation of photorespiratory
ammonia. At least in Arabidopsis the situation is less clear for
GS. The situation is complicated by the fact that two isozymes
of GS exist, one that is localized in the plastid stroma (GS2)
and the other in the cytosol (GS1). The Arabidopsis genome
harbours seven genes encoding putative GS, one of which is
predicted to be targeted to chloroplasts, whereas the other
ones are lacking obvious targeting signals and thus likely
encode cytosolic isozymes. A barley mutant deficient in
chloroplastic GS activity was shown to be non-viable under
standard conditions, as expected for a mutant in the
photorespiratory pathway [44]. No Arabidopsis mutants
deficient in either chloroplastic or cytosolic GS activity
have been reported to date. A reason for the failure to identify
any Arabidopsis mutants could be redundant functions of
GS1 and GS2 in Arabidopsis or a connection of cytosolic
GS1 and plastidic Fd-GOGAT activity via a three-translocator
system, similar to that proposed for germinating gymnosperm
seedlings [45].
Subcellular compartmentalization of GS is even more
complex because Taira et al. [46] recently showed that GS2 in
Arabidopsis is alternatively targeted to both chloroplasts and
mitochondria. This opens the possibility of photorespiratory
ammonia being re-assimilated right at the source of production.
However, since ammonia assimilation requires both, GS and
GOGAT [47,48], the latter enzyme being firmly established as
plastid-localized [49], mitochondrial ammonia assimilation by
GS requires transfer of ammonia in organically bound form
from mitochondria to plastids for subsequent transfer of the
amino group onto α-ketoglutarate by GOGAT. Two alternative
scenarios can be conceived for this, a Glu/Gln shuttle or an
ornithine/citrulline shuttle between mitochondria and chloro-
plasts [46,50]. In either model, ammonia is initially assimilated
into an amino acid (i.e., Gln or citrulline) in the mitochondria,
and then transported to the chloroplast where the amino group is
eventually transferred to α-ketoglutarate by GOGAT, yielding
Glu that is required as substrate for the peroxisomal GGT
reaction (see above).
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3.1. Our limited knowledge on metabolite transport between
the cell compartments during photorespiration
From the previous paragraphs and from the summarizing
metabolic diagram presented in Fig. 1, it is evident that the
oxidative C2 cycle is a highly compartmentalized pathway,
involving chloroplasts, peroxisomes, and mitochondria. Multi-
ple membrane transport proteins are required to catalyze the
efficient exchange of metabolic intermediates between these
organelles. Depending on whether or not mitochondrial GS
activity is considered being part of the pathway (see above),
between 14 and 18 distinct transmembrane transport steps are
required for a functional photorespiratory pathway, eight of
which are associated with the peroxisomal membrane (i.e.,
glycolate, glycerate, malate, oxaloacetate (OAA), α-ketogluta-
rate, Glu, Ser, Gly). As outlined below, a porin-like channel has
been characterized in the membrane of leaf peroxisomes that is
thought to allow the diffusion of the six anionic photorespira-
tory intermediates across the membrane but likely does not
allow passage of the zwitter-ionic amino acids Gly and Ser
[51,52]. Regarding transport of photorespiratory metabolites
across the inner membrane of chloroplasts, the glycolate/
glycerate transporter has been characterized biochemically, and
two dicarboxylate transporters (DiT1 and DiT2) have been
cloned and knock-out and antisense mutants been analyzed
[40,43]. Only one mutant deficient in a transport step in the
photorespiratory pathway has been reported from Arabidopsis
or barley, both mutants being defective in chloroplastic
dicarboxylate transport [38,42]. Regarding the inner membrane
of mitochondria, Gly and Ser have been shown to pass the
membrane by overlapping transporter- and diffusion-mediated
mechanisms [53,54]. Hence, whereas the genes encoding all
enzymes involved in photorespiration have now been identified,
we still know very little about the metabolite transporters
involved in this process. In the following paragraphs, we will
summarize the current knowledge about metabolite transporters
involved in photorespiration.
3.2. The porin-like channel of leaf peroxisomes
The high rate of glycolate production during photosynthesis
[8] leads to high flux rates of photorespiratory intermediates,
such as glycolate, glycerate, malate, OAA, and some amino
acids (Fig. 1), across the membrane of leaf peroxisomes and
requires efficient transport systems. Analogous transport
systems for amino acids and di- or tricarboxylates are
necessary in glyoxysomes of germinating seeds for fatty acid
β-oxidation and acetyl-CoA conversion to succinate by the
glyoxylate cycle as well as in non-plant peroxisomes (see also
ref. [105]). It is now widely accepted that the peroxisomal
membrane is permeable for small metabolites but not for larger
molecules, including NADH or CoA [55,56], and porin-like
channels have been characterized electrophysiologically in the
peroxisome membrane of several organisms (for reviews, see
[57,58]).In spinach (Spinacia oleracea L.), one of the model plants
from which leaf peroxisomes can well be isolated [59,60], a
porin-like channel of high abundance has been characterized
and revealed distinct electrophysiological properties as com-
pared to the porin channels from mitochondria and chloroplasts
[52]. The channel is strongly anion selective and shows a
relatively broad permeability for diverse inorganic and organic
anions. The small estimated channel diameter of only about
0.6 nm presumably restricts the permeability of the peroxisomal
membrane to low molecular weight metabolites up to C6 [51].
By two complementary methods, namely single channel
analysis for monovalent anions and macroscopic channel
analyses in competitive binding studies with chloride, it was
demonstrated that the leaf peroxisomal channel is permeable to
the photorespiratory intermediates glycolate, glycerate, and Glu
and possesses an internal binding site for dicarboxylates, i.e. the
photorespiratory intermediates malate, OAA, and α-ketogluta-
rate, and tricarboxylates ([51], for review, see [58]). Hence, the
porin-like channel of leaf peroxisomes is well suited to mediate
diffusion of photorespiratory intermediates across the mem-
brane. Notably, the channel does not represent a large general
diffusion pore like the mitochondrial porin but is a so-called
specific porin equipped with a substrate binding site in the
channel interior to facilitate the transport especially at low
substrate concentrations (for reviews, see [61,62]). Interest-
ingly, a porin-like channel of almost identical electrophysiolo-
gical properties has been characterized in glyoxysomes from
Ricinus communis L. [63]. On the other hand, Corpas et al.
[64] provided evidence for a homolog of the mitochondrial
voltage-dependent anion channel (VDAC) in a membrane
fraction of glyoxysomes from Cucumis sativus L. by peptide
microsequencing and immunogold electron microscopy.
To date, the primary structure of a peroxisomal porin channel
has not been resolved for any organism, despite significant
efforts in a number of laboratories. Inherent biochemical
challenges include (i) the isolation of peroxisomal membranes
in sufficient quantity and purity, (ii) the high sensitivity of
electrophysiological single channel analyses to minor contami-
nants of heterologous overexpression systems (prokaryotic
OmpF and yeast mitochondrial VDAC), (iii) the predominance
of peroxisomal biogenesis (PEX) proteins in peroxisomal
membranes, and (iv), at least for plant peroxisomes, the fragility
of the porin-like channel in aqueous solution, all of which will
hopefully be overcome in the near future, allowing for the
cloning of the respective corresponding genes.
3.3. Chloroplastic transporters
The first transmembrane transport step in the oxidative C2
cycle is the export of glycolate from the chloroplast to the
cytosol. The substrate specificity of the chloroplast glycolate
transporter was analyzed in isolated pea chloroplasts. D-
Glycerate, D-lactate, and glyoxylate inhibited the uptake of
radiolabeled glyoxylate into isolated chloroplasts with inhibitor
constants similar to the Km of uninhibited glycolate uptake [65].
Based on transport and inhibition kinetics, this study concluded
that the same transporter transports both glycolate and D-
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tion of the transporter activity into liposomes; it was demon-
strated that glycolate could be exchanged with glycerate [66].
Hence, biochemical characterization of glycolate and glycerate
transport supports the concept that the same transporter in the
chloroplast envelope membrane catalyzes the first and the last
transport steps in photorespiration.
In addition to glycerate and glycolate, also the precursor of
the GS/GOGAT cycle, α-ketoglutarate, and its end product,
Glu, need to be transported across the chloroplast envelope
membrane during photorespiration. This transport is catalyzed
by a so-called two-translocator system [67]: α-ketoglutarate is
taken up into chloroplasts in counter-exchange with malate by
the α-ketoglutarate/malate translocator (dicarboxylate transpor-
ter 1; DiT1). Glutamate is exported by the Glu/malate
translocator (dicarboxylate translocator 2; DiT2), also in
counter-exchange with malate. In summary, α-ketoglutarate is
exchanged for Glu without net malate transport. The reason for
this complicated mode of transport lies in the low affinity of
DiT2 to α-ketoglutarate, in combination with strong inhibition
of α-ketoglutarate transport by malate [40]. An Arabidopsis
mutant deficient in plastidic dicarboxylate transport (referred to
as dct) was isolated in 1983 [38]. Chloroplasts isolated from
this mutant are deficient in dicarboxylic acid uptake [38], and
the mutant lacks a chloroplast envelope membrane protein with
an apparent molecular mass of 45 kDa [39]. It was proposed that
the mutant is defective in plastidic dicarboxylate transport. In
2003, Renné et al. [40] identified the defective gene using a
candidate gene approach and demonstrated that the mutant is
deficient in the Glu/malate translocator DiT2, thus supporting
an essential role of this transporter in photorespiration. Arabi-
dopsis mutants deficient in DiT1 have not yet been character-
ized in detail, but antisense-repression of DiT1 in transgenic
tobacco plants demonstrated that this transporter is also
involved in the photorespiratory pathway [43]. Additional
information about chloroplastic transporters can be found in
several recent reviews on this topic [68–71].
Apart from these three transport proteins, the chloroplastic
malate/OAA transporter is indirectly involved in photorespira-
tion. Reducing equivalents are imported into leaf peroxisomes
in the form of malate [53], one half of which is synthesized by
NADP-dependent MDH in chloroplasts ([72]; see also below).
Chloroplasts export reducing equivalents at high rate by a
malate-oxaloacetate shuttle [73], likely mediated by a specific
translocator in a counter-exchange mode, which has not been
identified at the molecular level to date.
3.4. Mitochondrial transporters
As evident from the metabolic diagram presented in Fig. 1,
mitochondria take up Gly and export Ser during photorespira-
tion. In isolated spinach leaf mitochondria, the uptake of Gly,
Ser, and Pro showed biphasic transport kinetics, indicating that
at low substrate concentrations an active transport system is
involved whereas diffusion seems to dominate at higher
concentrations (i.e. >0.5 mM) [53]. At low concentrations,
the uptake of Ser was inhibited by Gly and vice versa,indicating that both amino acids are transported by the same
system, whereas Pro had no inhibitory effect on Gly and Ser
transport (and vice versa), indicating that Pro is transported by a
distinct transporter [53]. The biphasic transport kinetics
partially confirm an earlier study demonstrating diffusion-
mediated transport of Gly into mitochondria [54]. The
diffusion-mediated transport of Ser and Gly in mitochondria
may explain why mutants deficient in this process have not been
identified to date. A potential role of mitochondrial Gln/Glu and
ornithine/citrulline transporters in photorespiration has been
reported recently [50].
In the photorespiratory cycle the amount of NADH
generated by the oxidation of Gly in the mitochondria is
equimolar to the NADH required for hydroxypyruvate reduc-
tion in the peroxisome. Mitochondria use about half of the
NADH generated for ATP synthesis, which is required during
photosynthesis to supply the cytosol of mesophyll cells with
energy [72], and the remainder to deliver about half of the
reducing equivalents required for peroxisomal hydroxypyruvate
reduction. To allow passage of malate across the inner
membrane, mitochondria possess a highly active malate-OAA
transporter with a Km in the low micromolar range [74].
Hanning et al. [75] determined in inhibitor studies that OAA is
transported in an obligatory counterexchange with malate, 2-
oxoglutarate, succinate, citrate, or aspartate. A second function
of this translocator is probably the export of citrate via the
citrate-OAA shuttle.
3.5. Regulation of photorespiration
3.5.1. Anticipation of post-translational regulatory
mechanisms of photorespiration
In line with the interdependence of photosynthesis and
photorespiration, the expression of several photorespiratory
enzymes like HPR is induced by light [76]. Apart from two
enzymes, CAT and pumpkin HPR [76], it is not known whether
the turnover or the activity of photorespiratory enzymes is
regulated by post-translational mechanisms. However, knowl-
edge from other cell compartments and several other indications
suggest that the flux of photorespiratory intermediates may also
be regulated at the post-translational level. Regarding regulated
turnover of leaf peroxisomal enzymes, the oxidative nature of
the peroxisomal matrix with its high production rate of ROS
leads to oxidation of matrix proteins ([77]; Lüder and Reumann,
unpublished) and stimulates the idea that oxidatively damaged
leaf peroxisomal proteins may be eliminated by a yet unknown
mechanism.
Post-translational fine-tuning of photorespiratory enzymatic
activities can be postulated for the following reasons: First, CAT
is inactivated by high light conditions [78,79]. Hence, higher
plants likely evolved a fast adaptive mechanism to protect the
sessile organism against toxic H2O2 accumulation by instantly
reducing the activities of H2O2-producing flavin oxidases (e.g.
GOX and acyl-CoA oxidase). Second, because glycolate
recycling during photorespiration is most efficient if the
aminotransferases SGT and GGT work at a stoichiometric
substrate conversion ratio of 1:1 [10,12], their activities are
Fig. 3. Model of enhanced pathogen defence by elevated activity of the
photorespiratory enzyme Ser: glyoxylate aminotransferase (SGT). Enhanced
activity of SGT in melon (Cucumis melo) has been proposed to confer pathogen
resistance by stimulating GOX activity and the intraperoxisomal production of
H2O2, and thereby activating the plant defense system [90].
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concentration. Organized stoichiometric and spatial arrange-
ment of photorespiratory enzymes in a multi-enzyme complex
are important long-term regulons (see below), but flexible
activity adjustment by post-translational mechanism may
additionally be involved. Third, not only the enzymes of the
photorespiratory C2 cycle but also those of fatty acid β-
oxidation are expressed in leaf peroxisomes and compete for
substrates, for instance glyoxylate, NADH, malate, and OAA.
The flux of intermediates into these alternative pathways is
expected to be regulated according to the physiological product
requirements by yet unknown mechanisms that could be of
post-translational nature. In support of the postulation of such
post-translational regulatory mechanisms, initial experimental
data have recently been obtained, indicating that several protein
kinases may be targeted to plant peroxisomes [80–82].
3.5.2. Microcompartmentalization of leaf peroxisomal
reactions by arrangement of the photorespiratory enzymes in a
multi-enzyme complex
The first indications for an arrangement of the photorespira-
tory enzymes in a multi-enzyme complex were obtained by
Heupel et al. [59] reporting comparative latency studies of intact
and osmotically shocked leaf peroxisomes. Despite the loss of
the boundary membrane, the matrix enzymes of osmotically
shocked peroxisomes remained largely associated with matrix
particles that can be sedimented by low centrifugal force and are
only slightly smaller than those of intact leaf peroxisomes [59].
When isolated peroxisomes were supplemented with various
metabolic intermediates at physiological concentrations [83,84]
that are generated in vivo by chloroplasts and mitochondria,
namely glycolate, Ser, Glu, and malate (Fig. 1), glycerate
formation started at a constant rate. This kinetic was observed
with either intact or osmotically shocked leaf peroxisomes
[59,85], indicating that the photorespiratory intermediates were
efficiently channeled from one leaf peroxisomal enzyme to the
next in the reaction sequence even in the absence of an intact
peroxisomal membrane. Intermediates of peroxisomal metabo-
lism, i.e. glyoxylate, H2O2 and hydroxypyruvate, were not
released during glycolate oxidation. These results demonstrate
that the compartmentalization of the photorespiratory C2 cycle
of leaf peroxisomes is not dependent on membrane integrity but
due to enzymes arranged in a particulate multi-enzyme complex
[59,85]. This structural property of leaf peroxisomes prevents
leakage of two harmful and membrane-permeable intermediates
of photorespiratory metabolism, the strong oxidant H2O2 and
the weak acid glyoxylate, which are both inhibitors of
thioredoxin-activated enzymes, including stromal fructose
bisphosphatase and sedoheptulose bisphosphatase [86–88].
Metabolite channeling also increases the flux rate of metabolites
through pathways and maximizes glycolate recycling and, thus,
the efficiency of carbon fixation. Finally, micro-compartmenta-
lization by a multienzyme complex allows the single perox-
isomal membrane to be equipped with a single and economical
transport protein, namely a porin-like channel (see above), for
transfer of a broad range of negatively charged photorespiratory
intermediates across the membrane.3.5.3. A feed-forward stimulatory role for photorespiratory
enzymes in pathogen defense?
Due to their sessile nature plants evolved sophisticated
defense systems against pathogen attack, including (i) mechan-
ical or chemical barriers, (ii) specific plant resistance proteins
that recognize avirulence proteins of the pathogen and induce
defense signaling cascades, (iii) a hypersensitive response, in
which infected tissue is killed by programmed cell death to
prevent spreading of the pathogen, and (iv) systemic acquired
resistance that leads to immunity of uninfected organs of the
infected plant [89]. A novel mechanism of pathogen defense has
recently been described, in which the photorespiratory enzyme
SGT plays a major role [90]. Cucurbitaceae including melon are
frequently attacked by the pathogen Pseudoperonospora
cubensis, which causes the devastating foliar disease of
downy mildew. In 1987 a specific naturally occurring ecotype
line of melon plants was found to be highly resistant to all
pathotypes of P. cubensis [91]. Instead of large chlorotic leaf
lesions with abundant sporulation of the pathogen, the resistant
melon ecotype developed minute lesions with no sporulation,
and the host cells within and around such lesions responded
with a massive deposition of callose-like material in their walls
and phenolics and lignin-like substances in their cytoplasm
[92]. By both genetic and biochemical analyses Taler et al. [90]
demonstrated that the resistance was controlled by about 3-fold
enhanced expression of the photorespiratory enzyme SGT [10].
Susceptible plants expressed SGT at low levels and, notably,
independently of pathogen infection. Upon Agrobacterium-
mediated transformation of melon and constitutive overexpres-
sion of SGT, the transgenic plants became indeed resistant to
pathogen attack by P. cubensis [90]. Because the activity of the
preceding enzyme in the photorespiratory C2 cycle, GOX, was
about 10 to 20 times enhanced in the resistant ecotype line,
enhanced disease resistance has been proposed to be achieved
by a feed-forward activation of elevated SGT activity on GOX,
presumably leading to increased rates of H2O2 production and
resulting in elevated H2O2 concentrations that trigger the plant
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disease resistance conferred to plants by altered expression of
metabolic enzymes rather than by specific defense proteins. As
a note of caution, the proposed H2O2 accumulation within the
peroxisomal matrix and presumably in the cytosol of the
resistant plants and its stimulatory effect on the plant defense
systems remain to be conclusively demonstrated. Two other
independent studies point to an unrecognized role of peroxi-
somes in pathogen defence. GFP labeled peroxisomes were
shown to accumulate in the cytoplasm around penetration sites
of the pathogen Erysiphe cichoracearum [93]. Lipka et al. [94]
reported that the Arabidopsis protein PEN2, which restricts
pathogen entry of two ascomycete powdery mildew fungi, is a
glycosyl hydrolase that localizes to peroxisomes.
4. Outlook
4.1. Photorespiratory research in the post-genomic era: can
modern “-omics” methods broaden our understanding of
photorespiration?
As outlined in the previous paragraphs, the last enzymes
shown to be involved in the photorespiratory cycle have been
recently cloned, but many transport proteins allowing photo-
respiratory intermediates to diffuse from one compartment to
the next still remain to be identified. Many of these transport
proteins are specific for plants and cannot be identified by
homology analyses of transport proteins from yeast or
mammals. In addition, the flux of photorespiratory intermedi-
ates within the metabolic network of the four cell compartments
is expected to be regulated by post-translational mechanisms,
but experimental evidence for this hypothesis is currently
lacking. In the post-genomic era of plant research the question
arises whether modern proteomic and in silico approaches are
suitable to identify the primary structure of metabolite
transporters and porin channels or to elucidate post-translational
mechanisms that may regulate photorespiration.
4.2. Proteomics
Subcellular proteome analyses aim to identify all polypep-
tides of a cell compartment of interest isolated from a specific
tissue. Thanks to the high resolution and sensitivity of mass
spectrometry, it has become feasible to identify proteins
resolved by 2-dimensional gel electrophoresis for those
organisms whose genome has fully been sequenced or for
which large collections of ESTs have been generated. The
bottle-neck is generally the isolation of a sufficient quantity of
highly purified cell organelles. Because only two genomes
(Arabidopsis and rice) are currently available in entirety,
research on plant peroxisomes had to switch from traditional
model plants of leaf peroxisomal research (e.g. pea or spinach)
to Arabidopsis. The tiny Arabidopsis plants, however, cannot
well be grown in a quantity that yields a leaf mass comparable
to that of pea and spinach. In addition, leaf peroxisomes from
Arabidopsis seem to be more fragile and to adhere more
intensively to chloroplasts and mitochondria as compared toother plants. For these reasons, only initial attempts to
characterize the proteome of Arabidopsis glyoxysomes and
leaf peroxisomes from greening cotyledons have been reported
to date [82,95]. Further attempts to characterize the proteome
of plant peroxisomes are, however, going on in several
laboratories (A. Weber, S. Reumann, unpublished) and will
hopefully provide more information on the protein composi-
tion of leaf peroxisomes in the near future. The power of
proteomics to resolve minor differences in isoelectric point and
molecular weight of isoforms is well-documented and is
expected to provide important information on post-transla-
tional modifications of photorespiratory key enzymes. Because
the number of known membrane proteins is still small for all
three cell compartments and, for peroxisomes in particular, the
targeting signals have not been defined with sufficient
accuracy to be able to screen genomes for novel membrane
proteins, proteome analyses are expected to be the method of
choice for the identification of unknown transport proteins
involved in photorespiration.
4.3. Bioinformatics
Bioinformatics or “in silico analyses” take advantage of
publicly available genomic or EST information. Unknown
proteins of a specific cell compartment may be identified by
searching for proteins with specific targeting signals. Hints
regarding tissue-specific expression of unknown genes can be
deduced from publicly available microarray data and genes with
a typical expression pattern be identified by co-expression
analyses (see below). Such in silico analyses nowadays are
important tools to generate an unprecedented number of
hypotheses regarding the function of specific enzymes, the
regulation of known metabolic pathways, or the identification
of novel functions of cell organelles. These novel hypotheses
can then be tested experimentally relatively quickly in straight-
forward experiments, including reverse genetic approaches.
One example of an in silico approach is the specification of
peroxisome targeting signals type 1 and type 2 (PTS1 and
PTS2) for plant proteins. Both the PTS1 tripeptide and the PTS2
nonapeptide had previously been defined by experimental
studies and either more conservative or permissive motifs been
determined (see Refs. [17]). In an in silico approach, the protein
database and, more importantly, the large number of plant EST
databases, were searched for homologs of plant peroxisomal
proteins that may represent orthologs also targeted to peroxi-
somes, and the identity and abundance of their PTS peptides
was analyzed. The most important results of this study included
that (i) only a small number of PTS peptides are actually wide-
spread in nature and hence have a high indicative value to
postulate targeting of unknown proteins to peroxisomes, (ii)
random position-specific combinations of amino acids present
in functional PTS peptides do not necessarily yield functional
PTS peptides, (iii) the PTS peptides differ more between the
kingdoms than previously assumed, and (iv) the amino acid
residues surrounding PTS peptides play an important yet largely
unrecognized role as targeting enhancing and inhibitory
elements in protein targeting to peroxisomes. These auxiliary
Fig. 4. Transcriptional co-response analysis of Arabidopsis genes encoding peroxisomal proteins. K-Means clustering of peroxisomal genes (A) and hierarchical tree of
the 7 genes associated with photorespiration (B). The transcript patterns of 254 genes encoding putative peroxisomal proteins were clustered using a k-means
clustering approach. The data were adjusted by median-centering rows and columns (in this order) for five consecutive rounds each. After data adjustment, the genes
were clustered, using k-means clustering with Euclidean Distance Metric, and the number of clusters set to 15. Hierarchical Gene and Sample Trees were constructed
using Euclidean Distance Metric and Average Linkage clustering. K-means Support Trees were constructed doing 12 k-means runs with 50 iterations per run, 80% as
the threshold of occurrence in the same cluster (i.e., 80% bootstrap support), and the initial number of clusters set to 30. 98 genes could be assigned to clusters with
more than 80% bootstrap support, whereas 156 genes could not be assigned to well-supported clusters. Three representative clusters (1, 2, and 18) with differing
expression pattern are shown, including cluster 1 that contains the photorespiratory enzymes and two novel proteins. All 33 clusters are shown in Suppl. Fig. 1. The
hierarchical tree of the 7 genes associated with photorespiration shows that all 7 genes are strongly up regulated (red colour) in photosynthetic tissues such as leaves,
sepals, early stages of seed development, and siliques but significantly down regulated (green colour) in non-photosynthetic tissues such as pollen, roots, petals, and at
the later stages of seed development. The annotation of the genes is shown in Table 1.
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experimental studies and must be considered in algorithms for
improved targeting prediction to peroxisomes.
Even though our knowledge on protein targeting to
peroxisomes is still far from complete, sequences of such
PTS peptides can be applied to screen the Arabidopsis genome
for unknown proteins potentially targeted to peroxisomes
[25,96]. In two independent approaches using either experi-
mentally determined or in silico defined PTS motifs, about 300
Arabidopsis proteins were identified, about 80% of which are
currently without experimentally verified function. About ten
proteins of the database “AraPerox” have since been
experimentally shown to be targeted to plant peroxisomes,
including a sterol carrier protein, two coumarate-CoA-like
ligases presumably involved in jasmonic acid biosynthesis
[97], a dienoyl-CoA isomerase involved in the β-oxidation of
unsaturated fatty acids [98], and two small heat shock proteins
involved in refolding of damaged aggregated proteins [99].
However, peroxisome targeting prediction is still limited by a
number of factors, i.e. the facts that the C-terminal PTS1
peptide may be overruled by N-terminal targeting signals and
that PTS exposure is an unpredictable prerequisite for
recognition by the cytosolic receptors Pex5 and Pex7. Future
challenges comprise improved targeting prediction of unknown
matrix proteins to peroxisomes and the experimental character-
ization of the signals that target membrane proteins to
peroxisomes in order to ultimately predict peroxisomal
membrane proteins from genomic sequence information.
4.4. Co-expression analysis reveals additional peroxisomal
proteins potentially involved in photorespiration
Analysis of transcript co-response patterns, i.e. the search for
novel genes that show similar expression patterns (co-expres-
sion) as compared to the genes of a known metabolic pathway,
is a powerful tool to develop testable hypotheses about gene
functions [100–102]. We have used this approach to identify
additional peroxisomal proteins that might be involved in pho-
torespiration. To this end, Arabidopsis microarray data of the
AtGenExpress Developmental Series [103] were downloaded
from the AtGenExpress website (http://www.weigelworld.org/
resources/microarray/AtGenExpress/) and arithmetic means
were calculated for each of the triplicate values of the 79
conditions tested that are provided in the AtGenExpress
database. Expression values could be obtained for 254 of the
genes contained in the AraPerox Database [25] and were loaded
into the TIGR MultiExperiment Viewer MeV [104] for further
analysis (see legend to Fig. 4A for details). Using this approach,
98 (39%) of the genes were assigned to 33 clusters, whereas 156
(61%) could not be assigned to clusters with at least 80%
bootstrap support (Fig. 4). The expression patterns of genes in
all clusters are shown in Suppl. Fig. 1. All known genes
encoding peroxisomal proteins involved in photorespiration
(GGT, SGT, GOX, and HPR) were indeed contained in one
single cluster (see cluster 1, Fig. 4, Suppl. Fig. 1, Table 1),
supporting the hypothesis that genes encoding proteins
involved in the same process show similar expression patterns.In addition, we found one of the two predicted peroxisomal
MDH, namely isoform 2 (pMDH2, At5g09660) associated with
this cluster, indicating that this isozyme may generate the
NADH required for the reduction of hydroxypyruvate to
glycerate by HPR. The predominant role of this MDH isoform
in photorespiration is further supported by proteome data of
Arabidopsis leaf peroxisomes ([99]; Reumann, unpublished).
Interestingly, two additional genes were contained in the
photorespiratory cluster, i.e. a novel peroxisomal small heat
shock protein, AtAcd31.2-Px [99] and a small unknown protein
with a predicted PTS2 (At4g16410, RLx5HL, 185 aa) that is
related to an unknown conserved protein in cyanobacteria
(Table 1). It will be interesting to test whether one or both
proteins with previously unrecognized function in the photo-
respiratory C2 cycle are indirectly involved in photorespiration,
using a reverse genetics approach. In addition, the predicted
peroxisome targeting of the unknown protein (At4g16410) will
have to be tested experimentally.
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